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(71) We, General Electric Company, 
a corporation organised and existing under 
the laws of the State of New York, United 
States of America, of 1 River Road, 
Schenectady, State of New York, United 
States of America, do hereby declare the 
invention, for which we pray that a patent 
may be granted to us, and the method by 
which it is to be performed, to be par- 
ticularly described in and by the following 
statement: — 

This invention relates to the direct con- 
version of electrical energy into light. One 
device which does this is known as a light- 
emitting diode. It may comprise a wide 
bandgap semiconductor material in which a 
p—n junction is formed by suitable doping 
with impurity atoms. Upon application of a 
forward bias across the junction, electrons 
flow from the n-side into the p-side, and 
holes flow from the p-side into the n-side. 
As electrons and holes recombine, visible 
light is produced if the band gap is suffi- 
ciently large, about two electron volts or 
better. 

The majority of semiconductors, includ- 
ing germanium and silicon, have small band 
gaps so that their emission is in the infra- 
red. There are relatively few wide band- 
gap materials which can be made p- and 
n-type to make efficient light-emitting diodes 
or bodies. Among the useful materials are 
gallium phosphide which is used for red- 
emitting diodes, and silicon carbide which 
makes yellow-emitting diodes. There is no 
semiconductor material available from which 
devices have been made having comparable 
brightness in green or blue. There is a 
green-emitting gallium phosphide, but its 
efficiency is less than 10% that of the red- 
emitting gallium phosphide. 
{Price 25p] 



SUMMARY OF THE INVENTION 
The object of the invention is to provide 
a semiconductor device or solid state lamp 
of relatively high brightness and efficiency 
M JrtP r *** abl y emitting in the green or blue. 

The light emitted by a phosphor is usually 
less energetic and therefore at a longer wave- 
length than the exciting radiation. This fact 
was early recognized and became known as 
Mokes Law and the reason for it can be ap- 
preciated from a consideration of electron 
energy levels. After photo excitation of an 
atom by light of a certain wavelength where- 
in an electron is raised to a given energy 
level, some nonradiative energy decay will 
occur due to lattice rearrangement before a 
hght-ernitang transition back to the ground 
state occurs. Thus the light emission arises 
out of a smaller energy transition and hence 
is of longer wavelength. However quite a 
few phosphors, sometimes referred to as 
antistokes phosphors, are now known which 
do not obey Stokes Law. These include 
phosphors wherein the light emission mech- 
anism involves a stepwise or multi-stage 
excitation of the atom. For instance in a 
two-stage excitation, a first quantum of radi- 
ation lifts an electron up to one level, and 
then another quantum lifts the same electron 
to a higher energy level. A transition of the 
electron from the higher energy level back to 
the ground state will cause the emission of 
a radiation quantum more energetic than 
either input quantum. Hence the emitted 
radiation from the phosphor has a shorter 
wavelength than the excitation radiation. 
Examples of such phosphors are ZnCd: 
AgCu described by one of us (R. M. Potter) 
at J. Electrochem Soc., 106, 58C (1959) 
producing green light with orange and infra- 
red excitation at room temperature; and 
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LaCl 3 :Pr s+ described by J. F. Porter, Jr., 
Phys. Rev. Letters, 7, 414, (1961). 

The' main- stimulant, -behind- development 
of stepwise excited phosphors has been the 
5 possibility of using them to improve the 
efficiency of incandescent lamps by convert- 
ing their over-abundant emission of infra- 
red radiation into visible light. Up to the 
present time this scheme has not been com- 

10 mercially successful because the known step- 
wise-excited phosphors absorb more visible 
radiation from the incandescent filament 
than they produce by conversion jrf i. infer- 
red. -irt*"**: ,l *" , "* , T a * 

15 In accordarieB iS Wllh our invention, we pro- 
^?*vide a solid state lamp which comprises a 
" semiconductor crystal chip consisting of an 
infra-red-emitting semiconductor p — n 
. junction body provided with electrical con- 

20 tacts which emits, on excitation by electric 
current, radiation over a narrow spectral 
range in the infra-red not wider than 1000 
cm -1 (wave-numbers) half width with an in- 
tensity greater than that of a black body at 
/25 2500°C, and a stepwise-excited phosphor 

y excited only by the infra-red energy to emit 

visible light and which has an excitation 
spectrum substantially matching the emission 
spectrum of said body, said phosphor being 

30 optically coupled to said body in a manner 
to receive its infra-red emission and provide 
a visible output The value of the combina- 
tion arises from the fortunate matching of 
characteristics and requirements of a certain 

35 group of high efficiency stepwise-excited 
phosphors with those of infrared-emitting 
p — n junction bodies or diodes. 

The phosphors are characterized as 
follows: (1) The dependance of visible light 

40 output on incident infrared intensity is super- 
linear. The output of a two-step-excited 
phosphor, for instance, increases about as 
the square of incident infrared intensity, and 
the conversion efficiency increases almost 

45 linearly with incident intensity. This places 
a tremendous premium on exciting the phos- 
phor at the highest possible infrared intensi- 
ties. (2) The efficiency of the phosphors 
falls off when their temperature is raised 

50 much above room temperature. (3) The 
excitation spectrum of the phosphors is a 
narrow one, not wider than 1000 cm" 1 
(wave-numbers) at the half-width. 
The foregoing characteristics describe 

55 generally the class of rare-earth-activated 
phosphors and particularly those sensitized 
with ytterbium. 

The foregoing characteristics do not make 
these phosphors well suited to the applica- 

60 tion of converting the infrared radiant energy 
wasted in incandescent lamps. (1) The 
tungsten filament, roughly equivalent to a 
black body at 2500°C, is actually a relatively 
low intensity source of infrared and optical 

65 coupling to a phosphor such as described re- 



sults in very low efficiency. (2) The infra- 
red from an incandescent source is present 
in a very wide spectrum— about 10,000 cm" 1 
(wave-numbers) half-width from 2500°C 
black body emission. Since the excitation 70 
spectrum of the phosphor is not wider than 
1000 cm" 1 (wave-numbers) half width, most 
of the energy is wasted. (3) To prevent heat- 
ing up of the phosphor by the heat trans- 
mitted by radiation, convection or con- 75 
duction from the filament, the phosphor 
would have to be placed physically remote 
from the filament, as on the envelope wall. 
This entails a substantial reduction, tenfold 
or better, on the incident intensity upon 80 
the phosphor. 

In the combination of our invention on 
the other hand, the described phosphor 
characteristics are uniquely matched to the 
characteristics of typical infrared-emitting 85 
semiconductor p— n junction devices. (1) 
Such devices are capable of very high sur- 
face intensity of infrared, approaching that 
of a 6000°C black body radiator. (2) High 
intensities of infrared output can be obtained 90 
from these devices without appreciable heat- 
ing up and they constitute truly "cold light 
sources. (3) The emission spectrum of these 
devices is relatively narrow, not wider than 
1000 cm" 1 at the half-width. (4) The aver- 95 
age power input is limited by rise in tem- 
perature of the diode, which results in a 
decrease in efficiency of infrared production 
However these diodes can be turned off 
and on rapidly, in microseconds or less. 100 
This permits pulsing on a low duty cycle 
to increase the instantaneous output in- 
tensity at least one order of magnitude 
above that which can be maintained under 
direct current, but with the same average Utt 
power input. . t1 

It is evident from the f oregoing that highly 
effective combinations will be achieved when 
the excitation spectrum of a particular phos- 
phor matches the emission spectruni of a iiu 
given infrared-emitting p-^n junction device, 
that is when there is coincidence or near- 
coincidence of excitation and emission 

^Ih^order to obtain suitable combinations 115 
of phosphors and semiconductors, one may 
use as the phosphor component a fluoride 
of lanthanum, gadolinium or yttrium acti- 
vated by erbium or thulium and sensitized 
by ytterbium. These phosphors have an l^u 
excitation spectra extending from approxi- 
mately 9000 to 10,400 A. 

Other phosphors suitable for the com- 
bination are oxysulfides of lanthanum, gado- 
linium or yttrium activated by erbium or 
thulium and sensitized by ytterbium. 

For the infrared-emitting device, a gallium 
arsenide diode containing a p— n junction 
and in which the region of p-type conduc- 
tivity is formed by using silicon as the ac- 
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ceptor dopant is suitable, and provides an 
emission within the excitation spectrum of 
the phosphor. An advantage of using silicon 
as the acceptor dopant as compared to other 
5 possible acceptor impurities is that the peak 
of the spectral emission from the resulting 
p— n junction is more nearly "in tune" with 
the phosphor, that is the emission peak of 
the diode and the excitation peak of the 
10 phosphor are more nearly coincident. For 
the n-tyjpe region, the choice of dopant is 
not critical but silicon may also be used 
by reason of its amphoteric nature and is 
convenient. 

15 ^ It is also possible to "tune" the p— n 
junction or diode to the phosphor by using 
a mixed crystal for the body in which the 
junction is formed. Examples are mixed 
crystals of gallium-indium arsenide (Ga,In)- 

20 As and gallium arsenide-antimonide Ga(As, 
Sb). In mixed crystals the peak of the 
emission spectrum may be shifted within 
limits by varying the proportions of the two 
constituents, that is the ratio of gallium to 

25 indium or the ratio of arsenic to antimony. 
Regions of opposing conductivity to form a 
p — n junction may be achieved, for example, 
by growing a crystal which exhibits n-type 
conductivity due to the addition of tellurium 

30 as an impurity. A region of p-type con- 
ductivity can then be obtained by diffusion 
of zinc into the material. Alternatively 
silicon may also be used as p-type dopant. 
The phosphor can be optically coupled to 

35 the source of radiation in a number of ways. 
In one convenient arrangement, the phos- 
phor is suspended in a suitable binder and 
painted over the infrared-emitting surface of 
the diode. An alternative arrangement 

40 which is optically advantageous is to grow 
the phosphor as a single crystal and put it 
in intimate optical contact with the diode 
crystal. In such an arrangement both cry- 
stals may be ground and polished on one 

45 face and cemented together with transparent 
cement. 

DESCRIPTION OF PREFERRED 

EMBODIMENTS 
In Fig. 1 the solid line curve shows a 

50 typical excitation spectrum of lanthanum 
fluoride sensitized with ytterbium and acti- 
vated by erbium; this specific curve re- 
presents the spectrum of La M7 F t Yb,. ll Er 0 ox . 
The intensity of the Er luminescence de- 

55 pends upon both the amount of Yb pre- 
sent and upon the intensity of incident radia- 
tion lying within the Yb absorption band. In 
the range of incident intensity measured, the 
luminescence varies about as the square of 

60 the incident radiation and this indicates that 
two infrared quanta are required to pro- 
duce one visible light quantum. The ex- 
citation spectrum extends from about 9100 
A (11.0X10+ 8 cm- 1 ) to 10,200 A (9.8xl0 +s 



cm x ) and the band width at half intensity 65 
of the emission spectrum is substantially 500 
The dash-line curve represents the 
emission spectrum of gallium arsenide using 
silicon as an amphoteric dopant to produce 
a p— n junction. The band width of the 70 
emission spectrum at half intensity is also 
substantially 500 cnr 1 . In the phosphor ex- 
citation curve and the diode emission curve 
there is a reasonably close match or co- 
incidence of the peaks so that an effective 75 
combination results. 

A light-emitting diode or solid state lamp 
embodying the invention is illustrated at 
successive stages of completion in Figs. 2a 
t0 . c - A crystal chip of gallium arsenide 80 
suitably doped to form a junction and using 
silicon as the acceptor impurity is shown at 
1 mounted on a transistor type header 2 
The header comprises a gold-plated base 
disc to whose underside is attached a ground 85 
lead-wire 3. Another lead-wire 4 projects 
through the disc but is insulated therefrom 
by a sleeve 5. The gallium arsenide chip is 
conductively attached p-side down to the 
header disc, suitably by alloying or spidering 90 
using indium-zinc (preferred), lead-indium- 
zinc, silver-indium-zinc or gold-zinc as bond- 
ing alloys whereby ohmic contact can be 
made. Ohmic contact is made to the n- 
sideby fusing tin (preferred), gold-ger- 95 
mamum or silver-indium-germanium solder 
in the form of a small dot 6 to the n-type 
side previous to mounting on the header. 
After the chip is mounted on the header a 
soft metal wire 7, suitably gold is thermo- 100 
compression-bonded to the alloyed dot 6 on 
the top side of the die, bent over laterally, 
and thermocompression bonded to the top 
of lead wire 4 projecting through the disc 
as shown in Fig. 2a, 105 

The lanthanum fluoride phosphor may be 
optically coupled to the infrared-emitting 
crystal 1 by suspending it in a suitable binder 
such as a polymer. Polystyrene has been 
found suitable. A drop of the phosphor 110 
suspended in polystyrene dissolved m a 
thinner such as acetone is placed on the 
header and allowed to dry. The phosphor- 
in-polystyrene sets as a blob 8 on top of the 
header as shown in Fig. 2b, and covers the 115 
crystal chip to a thickness of a few 
thousandths of an inch. Being an insulator, 
the phosphor-in-polystyrene does not affect 
the electrical characteristics of the device. 
The header may be capped by a metal can 120 
or cover 9 equipped with a lens 10 in its 
end wall as shown in Fig. 2c, whereby to 
enclose and protect the diode and phosphor. 
Alternatively an all glass cap may be used 
which is most conveniently cemented to the 125 
base disc. 

Upon application of 1.5 volts D.C. to 
the diode with the polarity indicated, the in- 
put current was 100 milliamperes and the 
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device lit up green with a brightness of 70 
to 100 footlamberts about the center of the 
phosphor plastic blob overlying the crystal 
chip. This brightness is easily visible in the 
5 usual ambient indoor illumination. 

For a blue-emitting solid state lamp we 
prefer to use lanthanum fluoride activated 
with thulium and sensitized with ytterbium. 
A specific formulation found suitable is 
10 La 0 . 7985 F 3 Yb 0 . 20 Tm 0 . 0015 . In other respecfts 
the solid state lamp may be constructed in 
the same way as previously described herein. 

WHAT WE CLAIM IS:— 

1. A solid state lamp which comprises a 
15 semiconductor crystal chip consisting of an 

infra-red-emitting semiconductor p — n 
junction body provided with electrical con- 
tacts which emits, on excitation by electric 
current, radiation over a narrow spectral 

20 range in the infra-red not wider than 1000 
cm*" 1 (wave-numbers) half width with an 
intensity greater than that of a black body 
at 2500°C, and a stepwise-excited phosphor 
excited only by the infra-red energy to emit 

25 visible light and which has an excitation 
spectrum substantially matching the emission 
spectrum of said body, said phosphor being 
optically coupled to said body in a manner 
to receive its infra-red emission and pro- 

30 vide a visible output 

2. A lamp as defined in claim 1, where- 
in the phosphor is a rare-earth activated 
phosphor sensitized with ytterbium. 

3. A lamp as defined in claim 1, where- 
35 in the phosphor is a rare-earth activated 

phosphor sensitized with ytterbium and 
wherein the activator is erbium or thulium. 

4. A lamp as defined in claim 1, wherein 
the p_ n junction body is gallium arsenide, 

40 gallium-indium arsenide or gallium arsenide- 
antimonide. 

5. A lamp as defined in claim 1, wherein 
the p — n junction body is gallium arsenide 
using silicon for a p-type dopant and the 

45 phosphor is a rare-earth activated phosphor 
sensitized with ytterbium and wherein the 
activator is erbium or thulium. 

6. A lamp as defined in claim 5 wherein 



the phosphor is lanthanum, gadolinium or 
yttrium fluoride or oxysulfide sensitized with 50 
ytterbium and activated with erbium or 
thulium. 

7. A solid state lamp which comprises a 
semiconductor crystal chip consisting of 
gallium arsenide, gallium-indium arsenide or 55 
gallium arsenide-antimonide provided with 
electrical contacts and containing a p — n 
junction which emits, on excitation by 
electric current, radiation over a narrow 
spectral range in the infrared not wider than 60 
1000 cm -1 (wave-numbers) half-width with 

an intensity greater than that of a black 
body at 2500°C, a header whereon said 
crystal chip is mounted, means on said 
header for making ohmic contact to both 65 
sides of said crystal chip, and a stepwise- 
excited phosphor excited only by the infra- 
red energy to emit visible light and which 
has an excitation spectrum substantially 
matching the emission spectrum of said chip, 70 
said phosphor being dispersed in a binder 
coated over said crystal chip. 

8. A solid state lamp as defined in claim 
7 wherein the phosphor is a fluoride of lan- 
thanum, gadolinium or yttrium sensitized by 75 
ytterbium and activated by erbium or 
thulium. 

9. A lamp as defined in claim 7 where- 
in the semiconductor crystal consists of 
gallium arsenide using silicon as a p-type 80 
dopant and the phosphor is lanthanum 
fluoride sensitized by ytterbium and acti- 
vated by erbium or thulium. 

10. A lamp substantially as described 
herein with reference to and as illustrated 85 
in the accompanying drawings. 

11. A lamp as claimed in claim 7 sub- 
stantially as described with reference to the 
accompanying drawings. 

For the Applicants, 
MATTHEWS, HADDAN & CO., 
Chartered Patent Agents, 
Haddan House, 
33, EJmfield Road, 
Bromley, Kent, BR1 1SU. 
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